The East African root rat (Tachyoryctes splendens) is a solitary fossorial rodent occurring in the eastern parts of central Africa. Unlike bathyergid mole-rats, T. splendens occasionally goes aboveground to feed and consequently it is periodically exposed to the natural light-dark cycle. The locomotor activity of T. splendens was assessed under various light regimes. T. splendens entrains its activity to light cycles and displays distinct nocturnal activity with the total percentage of activity during the dark phase at 87.78% 6 SD 11.01%. In constant darkness, T. splendens shows free-running rhythms of slightly shorter than 24 h (2340 6 SD 013 h), while still exhibiting most of its activity during subjective night. Upon inversion of the light cycle, time of reentrainment was exceptionally long. Nocturnal activity time (a) was shortened in response to a shorter night length from 1129 to 0746 h; however, when the dark phase was lengthened, a remained roughly similar to that of the 12L:12D photoperiod at 1124 h. A difference in circadian activity is apparent from the laboratory and field findings, thus in a natural situation, other environmental factors may influence activity patterns.
Many organisms exhibit daily rhythmicity of various biological functions. Circadian rhythms are biological rhythms that persist with a period of around 24 h in the absence of external cues (Aschoff 1960) . Circadian rhythms are reset or entrained daily by external stimuli in order to remain synchronized with the environment. Undoubtedly, the most prominent entraining cues are light and temperature (Edery 2000) . The mammalian circadian system is regulated by a central pacemaker contained in the suprachiasmatic nucleus in the basal hypothalamus (Reppert and Weaver 2002) . The basic mechanism of the circadian clock relies on interacting positive and negative transcriptional feedback loops that drive recurrent rhythms in gene expression of the relevant clock genes (Reppert and Weaver 2002) . The suprachiasmatic nucleus controls multiple peripheral circadian oscillators throughout the body. These circadian oscillators regulate output rhythms in physiology and behavior, one of which is locomotor activity (Chong et al. 2003; Ko and Takahashi 2006) .
Subterranean mammals spend a large proportion of their time underground and as a result, have evolved specialized morphological and physiological adaptations to their underground habitat that include microphthalmic eyes and enhancement of other senses such as olfaction and tactile stimuli (Nevo 1999) . In their burrows, they are subjected to a unique microenvironment with buffered thermal regimes and limited exposure to light (Bennett et al. 1988; Bennett and Faulkes 2000) . As a consequence of their subterranean lifestyle, they are not regularly exposed to the natural day-night cycle. However, previous studies indicate that the majority of w w w . m a m m a l o g y . o r g subterranean mammals do perceive light (Rado et al. 1992; Wegner et al. 2006; Kött et al. 2010) and are able to entrain locomotor activity to light (Benedix 1994; Tobler et al. 1998; Riccio and Goldman 2000; Begall et al. 2002; Oosthuizen et al. 2003; Hart et al. 2004; Vasicek et al. 2005; Schöttner et al. 2006; Valentinuzzi et al. 2009; Tomotani et al. 2012) .
The genus Tachyoryctes comprises several cryptic species, and is widely distributed in East Africa and the eastern parts of Central Africa. The East African root rat (Tachyoryctes splendens) is a solitary, fossorial rodent that occurs in central Africa in a wide variety of habitat types including agricultural areas, where it is regarded as a pest (Kokiso and Bekele 2008) . T. splendens does not possess as many morphological modifications for a subterranean lifestyle as do mole-rats (both African and Asian), having an appearance more like a rat or a vole (Jarvis and Sale 1971) . Unlike mole-rats, T. splendens does feed aboveground, providing an opportunity for contact with the external environment (Jarvis and Sale 1971) . Little is known about the circadian system of the Spalacidae of Africa including the East African root rat. A single study was conducted on activity patterns of T. splendens (Kenyan population) in its natural environment using radioactive tracing (Jarvis 1973) . In this study, predominantly diurnal activity was reported. To date, locomotor activity rhythms of T. splendens have not been investigated under controlled laboratory conditions.
We therefore undertook experiments under controlled lighting conditions to assess whether T. splendens sampled from Tanzania in East Africa exhibits rhythmic locomotor activity over the 24-h day, as well as the response to a drastic phase shift (inversion) of the light cycle. We anticipated that T. splendens would display nocturnal activity and hence change its activity in response to an inverted light cycle. We also investigated whether an endogenous circadian rhythm was present under constant conditions (constant darkness [DD] ) and determined the free-running period. We expected free-running periods of slightly shorter than 24, h as is the case with most other nocturnal mammals. Furthermore, we assessed the effect of increasing and decreasing day length on the daily locomotor activity rhythm. Occurring near the equator, this is not an environmental phenomenon that this species would ever encounter in its natural habitat; we predicted that these animals may have some difficulty in adjusting the lengths of active time.
MATERIALS AND METHODS
Experimental animals.-Experimental animals (6 males [mean body mass 250.11 g 6 13.09 SD] and 5 females [mean body mass 218.4 6 12.8 g]) were sampled from the Kilimanjaro region, Tanzania (3816 0 27 00 S, 37832 0 53 00 E; 1,495 m above sea level), East Africa, and shipped (export permit 65054 granted by The Ministry of Natural Resources and Tourism Tanzania; and veterinary permit 0000875 from the Ministry of Livestock Development and Fisheries, Tanzania) to the Department of Zoology and Entomology, University of Pretoria, Pretoria, in South Africa (import permit 13/1/1/30/2/9/ 6-241 from the Department of Agriculture, Forestry and Fisheries, and CPB6 003784 granted by Gauteng Nature Conservation). Before commencement of experiments, T. splendens was acclimatized to a light-controlled laboratory 12L:12D at room temperature (258C 6 18C) for 30 days. Animals were housed singly in plastic cages (50 3 40 3 40 cm) lined with wood shavings and paper tissue provided as nesting material, and fed ad libitum on chopped sweet potatoes and carrots. During the experiments, ambient temperature was maintained at 258C and cages were cleaned during cycle changes (Oosthuizen et al. 2003; Hart et al. 2004) . Research on live animals followed the guidelines of the American Society of Mammalogists (Sikes et al. 2011) and was approved by the Animal Ethics Committee of the University of Pretoria (Ethics clearance ECO47-10).
Activity recording.-Eleven cages were fitted with infrared motion detectors (Quest PIR internal passive infrared detector; Elite Security Products, Electronic Lines, London, United Kingdom [Oosthuizen et al. 2003; De Vries et al. 2008 ]) in such a way that activity could be detected over the entire floor space of the cage. Infrared captors were connected to receivers that were connected to a Minimitter recording system (Vital View 2010; Minimitter Co. Inc., Sunriver, Oregon) installed on a computer outside the temperature-and light-controlled animal room. Activity was collectively recorded per minute (Oosthuizen et al. 2003; De Vries et al. 2008; Alagaili et al. 2012) .
Animals were placed on a 12L:12D light cycle (LD1; light: 0700-1900 h) for 22 days to ascertain whether they were able to entrain to light. Subsequently, the animals were subjected to a DD cycle (constant darkness) for 46 days. Afterward, the animals were reentrained to a 12L:12D light cycle (LD2; light: 0700-1900 h) for 22 days, after which the light cycle was inverted (DL; 12D:12L; light: 1900-0700 h) for 25 days. Animals were reentrained to a 12L:12D light cycle prior to successive light cycles. To assess the effect of different day length on activity of the East African root rats, animals were maintained on a long-day cycle (LLD; 16L:8D; light: 0500-2100 h) for 22 days, followed by a short-day cycle (SLD; 8L:16D; light: 0900-1700 h) for 31 days.
Data analyses.-Activity patterns were visualized with double-plotted actograms using Actiview Biological Rhythm Analyses 1.2 software (Minimitter Co. Inc., Sunriver, Oregon;
FIG. 2.-A double-plotted actogram of Tachyoryctes splendens
demonstrating an endogenous circadian rhythm with a period slightly shorter than 24 h during constant darkness (DD). Bars on the top illustrate hours of darkness, y-axis is days, and x-axis is hours.
http://www.minimitter.com). The phase angle (difference in time between the beginning of the dark cycle and onset of activity) and percentage of nocturnal and diurnal activity were determined for the light cycles of each animal using ClockLab version 2.72 (Actimetrics, Inc., Evanston, Illinois). The circadian period (tau ¼ s) was determined during DD, as also was the percentage of activity during subjective night and day. Mean 6 1 SD of percentage of nocturnal and diurnal activity was evaluated using descriptive statistical analysis (Begall et al. 2002; Hart et al. 2004; Alagaili et al. 2012) . Multivariate comparison of percentage of nocturnal and diurnal activity between LD1, LLD, and SLD was determined using analysis of variance, whereas percentage of nocturnal and diurnal activity between light cycles was compared using a t-test.
RESULTS

LD1 (12L:12D
).-All animals entrained their activity to the light-dark cycle, with the majority of their activity during the dark phase of the light cycle (n ¼11,X 6 SD ¼ 87.78% 6 11.01%). Activity commenced after the offset of the light at 1918 6 0002 h and ceased before the onset of light at 0643 6 0003 h. The mean active time (a) of the animals was 1120 6 0004 h (Fig. 1) .
DD (constant darkness).-All animals showed free-running rhythms with a mean period (s) of 2340 6 0013 h (range ¼ 2331-2408 h). The majority of activity was concentrated during the subjective night (n ¼ 11,X ¼ 86.76% 6 12.05%). Three of 11 animals displayed activity during both the subjective day and subjective night; however, animals were still more active during the subjective night. No difference was observed in the amount of nocturnal activity of LD1 and activity during the subjective night of DD (n 1 ¼ 11, n 2 ¼ 11; t 10 ¼ 0.84, P ¼ 0.42; Fig. 2) . LD2 (12L:12D) and DL (12D:12L).-The activity of T. splendens was reentrained to the light-dark cycle after constant darkness. Upon inversion of the light cycle, most animals ceased activity for a few days before starting to reentrain activity to the new light cycle. Full reentrainment from the time the light cycle was inversed was exceptionally long, and ranged between 5 and 18 days. While reentraining, activity was masked during the light phase; once entrained, T. splendens displayed a mean of 92.17% 6 7.82% (n ¼ 11) of its activity during the dark phase.
Activity commenced slightly before the offset of light at 0636 6 0016 h and activity ceased right after the onset of light at 1905 6 0016 h, whereas the mean active time (a) was 1136 6 0005 h. Percentage of activity of the dark phase between LD1 and DL was not significantly different (t 10 ¼ 0.15, P ¼ 0.883, n 1 ¼ 11, n 2 ¼ 11; Fig. 3 ).
FIG. 3.-An actogram of
Tachyoryctes splendens illustrating the reentrainment of activity when the light cycle was inversed from a 12L:12D cycle to a 12D:12L cycle. Bars on the top illustrate hours of darkness, y-axis is days, and x-axis is hours.
LLD (16L:8D) and SLD (8L:16D
).-When subjected to a long day (LLD), 3 of 11 animals exhibited activity during both the day and night, although more activity peaks were observed during the dark phase. All animals shortened their activity time to be active only during the dark phase of the light cycle. Animals were active for a mean of 94.43% 6 6.33% (n ¼ 11) during the dark phase with onset of activity before onset of darkness at 2043 6 0035 h and ceased activity before onset of light at 0446 6 0035 h. The mean active time (a) was 0746 6 0015 h (Fig. 4) .
During the SLD cycle, 2 of 11 animals were active during dark and light phases of the cycle with few peaks during the dark phase. Animals were active for a mean 92.68% 6 5.34% (n ¼ 11) during the dark phase of this cycle with the onset of activity almost 2 h after the transition from light to dark at 1858 6 0043 h. Activity was terminated more than 2 h before onset of light at 0627 6 0052 h and the active time was 1124 6 0016 h. Percentage of dark activity between LLD and SLD was not significantly different (n 1 ¼ 11, n 2 ¼ 11, t 10 ¼ 0.78, P ¼ 0.45). Similarly the percentage of nocturnal activity between LD1, LLD, and SLD also was not significantly different (n ¼ 11, K ¼ 3, F 2 ¼ 2.07, P ¼ 0.14; Fig. 5 ).
DISCUSSION
A number of species worldwide exploit the subterranean niche, but these species differ in the degree of fossoriality (Nevo 1999) . Some species, such as African mole-rats (Bathyergidae) are strictly subterranean, whereas others such as coruros (Octodontidae), tuco-tucos (Ctenomyidae), and root rats (Spalacidae) emerge from their burrows periodically to feed aboveground (Jarvis 1973; Bennett and Faulkes 2000; Begall et al. 2002; Tomotani et al. 2012) . Along with the large degree of variation in fossoriality there is variation in circadian rhythmicity among these animals. Although circadian rhythmicity may be of little apparent use for strictly subterranean species, it may be of greater importance for species that do occasionally come aboveground.
Fossorial mammals differ in the degree to which they remain in their underground habitats. In controlled laboratory conditions, T. splendens showed a clear activity rhythm and displayed distinct preference for activity during the dark period. It is common for subterranean mammals to exhibit nocturnal activity under controlled conditions (Riccio and Goldman 2000; Begall et al. 2002; Schöttner et al. 2006; Tomotani et al. 2012) , although some mole-rat species show less-stable preferences for nocturnal or diurnal activity, such that some individuals of a species may display nocturnal activity whereas others display diurnal activity (Hart et al. 2004; Vasicek et al. 2005; De Vries et al. 2008) . Other species such as the blind mole-rat (Spalax ehrenbergi) may even switch between nocturnality and diurnality (Tobler et al. 1998; Oster et al 2002) . The silvery mole-rat (Heliophobius argenteocinereus) is reported to be completely arrhythmic (Jarvis 1973) . The finding that T. splendens displays nocturnal activity is in contrast to a previous study conducted under natural conditions, where it was found to be foraging outside the burrow during the day (Jarvis 1973) . However, several subterranean species have been reported to display different activity patterns under controlled versus natural conditions. Both coruros (Spalacopus cyanus) and tuco-tucos (Ctenomys knighti) exhibit distinct nocturnal activity under controlled laboratory conditions (Begall et al. 2002; Valentinuzzi et al. 2009 ) whereas under natural conditions, animals are reported to be active during the day (Reig 1970; Tomotani et al. 2012) . Furthermore, pocket gophers (Geomys bursarius) show a predictable activity pattern in the wild (Benedix 1994) , whereas captive animals display no distinct activity patterns (Hickman 1984) .
Because some of these species do feed aboveground, timing may be of more importance than for those that are more strictly subterranean. Predation risk may affect foraging behavior in terms of timing and efficiency, as may food availability itself (Halle and Stenseth 2000) . Predation and limited food supply are both completely absent from the laboratory setting and may contribute significantly to differences in field and laboratory activity. Also, it has been suggested that soil temperature may act as a zeitgeber for behavioral activity rhythms in field studies (Šklíba et al. 2007; Lövy et al. 2013) ; however, this is likely more pertinent to strictly subterranean mammals.
Under constant conditions, T. splendens displayed endogenous rhythms slightly shorter than 24 h, as is typical for nocturnal animals (Aschoff 1981) . This is in congruence with the blind mole-rat and most of the African mole-rats, although a large amount of variability is present in the length of the circadian period (Tobler et al. 1998; Oosthuizen et al. 2003; Hart et al. 2004; Vasicek et al. 2005; Schöttner et al. 2006; De Vries et al. 2008) . Tuco-tucos, on the other hand, display endogenous rhythmicity with a period much longer than 24 h (Valentinuzzi et al. 2009 ), whereas pocket gophers are arrhythmic with activity distributed throughout the 24-h period (Hickman 1984) .
Upon inversion of the light cycle, the responding phase shift in T. splendens was exceptionally long. Similar results have been obtained for coruros and several species of African molerats; in response to a phase shift in the light cycle, activity was masked during the light hours and reentrainment was rather slow (Begall et al. 2002; Oosthuizen et al. 2003; De Vries et al. 2008) . The time of reentrainment may be dependent on whether animals display nocturnal or diurnal activity. In diurnal chronotypes of the blind mole-rat (S. ehrenbergi) activity shifted immediately after a phase shift in the light cycle, whereas reentrainment in nocturnal chronotypes spanned showing that activity is not expanded to cover the whole period of darkness but rather remains relatively equal to that of 12L:12D. Bars on the top illustrate hours of darkness, y-axis is days, and x-axis is hours.
over almost 2 weeks (Tobler et al. 1998 ). Reentrainment to an inversed light cycle confirms that T. splendens may have a preference for nocturnal activity under controlled laboratory conditions.
Another indication of the preference of T. splendens for nocturnal activity is apparent in the restricted active time when the length of the night is shortened. Onset of activity is after dark and offset again before the transition of dark to light, limiting activity completely to the dark hours of the light cycle. Activity was, however, not expanded to spread throughout the time of darkness when the night length was expanded. In its natural habitat near the equator, the day length varies about 1 h over the annual cycle, thus T. splendens would never encounter such drastic changes as have been tested. Normally, photoperiodic events related to day length would be of importance in seasonal breeding, and although T. splendens appears to be breeding seasonally, this is more related to rainfall than day length (J. Katandukila, pers. obs.). Breeding coincides with peaks in the rain cycles, which has implications for food availability in terms of breeding success.
Tachyoryctes splendens shows a preference for nocturnal activity that is maintained through drastic phase shifts and shortening of the dark phase. Our study reiterates that circadian investigations of subterranean species under controlled laboratory conditions may not reflect the true nature of circadian activity in the natural habitat because other environmental factors may influence active time in combination with the light-dark cycle, which may have relevance for the survival of the animals.
